Sediment samples were collected from 23 sites near the Yap Trench in the Western Pacific Ocean with a depth range of 2896-7837 m. The assemblage composition, spatial distribution, and relationship with environmental variables of meiofauna were studied. A total of 17 meiofaunal taxa were identified, including free-living marine nematodes, benthic , and pycnogonids. The average abundance of meiofauna was (172.88 ± 149.02) ind·10 cm −2 . Marine nematodes were the most abundant group, with an average abundance of (120.26 ± 102.85) ind·10 cm −2 , accounting for 69.97% of the total meiofauna, followed by benthic copepods (36.13 ± 48.72) ind·10 cm −2 , accounting for 21.04%. The horizontal distribution of meiofauna showed that the high values of meiofaunal abundance were mainly distributed in the northwestern part of the study area and correlated with high sediment organic matter content, which possibly was related to the localized topography, food sources, and hydrodynamics within this area. Vertical distribution showed that meiofauna were mainly distributed in the upper and middle sediment layer (0-6 cm). Results of BIOENV showed that sediment median diameter and pheophorbide content were the most important factors affecting meiofauna community structure. This study provides an insight into relationships of deep-sea meiofauna assemblages with environmental factors in the Western Pacific Ocean.
INTRODUCTION
Meiofauna represents a group of small-sized benthic animals that pass a mesh screen with an aperture of 0.5 mm (or 1.0 mm), but are retained by a mesh screen with an aperture of 0.031 mm (Thiel, 1971) . Meiofauna in deep-sea sediments tends to be smaller, and researchers recommend using a mesh screen of 0.031 mm aperture (SCOR Working Group 76, 1994) . There are several widely distributed meiofauna taxa which show a high turnover rate, and are food sources for larvae of fishes, shrimps, and shellfish. They also play an important role in energy conversion and as indicators for environmental health. Meiofauna also provide links in the marine benthic food web (Higgins and Thiel, 1988; Montagna, 1995) and affect biogeochemical cycles through mineralization (Findlay and Tenore, 1982; Ingham et al., 1985; Heip et al., 1992) . Several studies demonstrated that meiofauna taxa are good indicators for pollution, disturbance, and climate changes (Coull and Chandler, 1992; Pusceddu et al., 2014; Zeppilli et al., 2015) . Meiofauna activities modify a series of physical, chemical, and biological sediment properties. These changes, directly or indirectly, positively or negatively, affect a variety of ecosystem services, including sediment stabilization, biogeochemical cycles, waste removal, and food web dynamics, at different spatial and temporal scales. Small animals can regulate ecosystem processes in sediment with few or no large animals, thereby improving the resilience of benthic ecosystem processes that are essential for the continued provision of ecosystem services (Schratzberger and Ingels, 2018) .
For example, through the behavior and physiological activities of different meiofauna taxa, it is possible to understand how the organal and physiological activities of meiofauna respond to environmental changes and provide early warning signals for human disturbance (Zeppilli et al., 2015) . Some researchers have studied the main mode of action of oil water-soluble fractions on long-term sublethal effects of meiofauna such as nematodes (Monteiro et al., 2019) and effects of marine hypoxia on meiofauna (Neira et al., 2018) .
With respect to water depth, the marine environment can be divided into shallow littoral shelf zones (water depth <200 m) and deep-water zones (water depth >200 m) (Li and Fan, 2011) . The deep-sea is the largest ecosystem on the planet. It is considered to be an extreme environment due to high pressure, low temperature. Zeppilli et al. (2018) summarized the biodiversity, ecological, and physiological responses of meiofauna living in extreme marine environments, providing information on how meiofauna adapting to the extreme conditions of the deep sea and how being affected by anthropogenic activities (Gage and Tyler, 1991; Mestre et al., 2014) . Deep-sea environments include troughs, trenches, seamounts, hydrothermal and cold springs, and deep-sea plains (Ramirez-Llodra et al., 2010) . Meiofauna is a major component of deep-sea environments. Since the 1960s, the ecology of meiofauna of the deep-sea has been increasingly studied (Vincx et al., 1994) . Thiel (1971 Thiel ( , 1983 carried out several meiofaunal studies in deep-sea areas, including the Atlantic, Indian, and Mediterranean oceans, and studies on the relationship between productivity and the abundance of meiofauna with water depth gradients in some deepsea basins and central oceanic regions. Thiel (1983) first reviewed the quantitative studies of meiofauna in the early 1980s. Tietjen (1992) studied and summarized abundance and biomass trends of meiofauna in the Atlantic, Pacific, and Indian oceans along with water depth gradients, and the relationship between meiofauna stocks and those of other benthic taxa. Soltwedel (2000) reviewed the population relationships between different regions and differences in surface productivity along water depth gradients. In a very recent paper, Rosli et al. (2017) studied the environmental variables and possible biological and anthropogenic disturbances affecting meiofauna assemblages in the deep sea at different regional scales. Schmidt et al. (2019) investigated meiofauna in the Kuril-Kamchatka Trench and adjacent abyssal plain in relation to environmental variables. Several studies have shown that meiofauna can adapt to extreme environments (mangroves, submarine caves, Polar ecosystems, hypersaline areas, hypoxic/anoxic environments, hydrothermal vents, cold seeps, etc.) (Danovaro, 2010; Fontaneto et al., 2015) . There are also some studies of deep-sea meiofauna focusing on the northern part of the South China Sea and the Pacific Ocean, including studies by Zou (2006) , who studied the genetic diversity of meiofauna. Gao et al. (2002) , Yang et al. (2005) , and Liu et al. (2014) studied the abundance, biomass, and spatial distribution of meiofauna. Ye et al. (2005) and Wang et al. (2013) studied the methodology of meiofauna research in deep sea. Although deep seas are less disturbed by humans than shallow waters, deep-sea ecosystems are disrupted as mineral extraction, natural gas/hydrocarbon exploration and global warming, ocean acidification, hypoxia, etc. This study explored the composition, abundance of meiofauna, and sediment characteristics in the adjacent waters of the Yap trench, including the West Caroline basin, and measured sediment organic matter content, grain size, chlorophyll, and pheophorbide (Pha) contents. Through analysis of the relationship between these environmental factors with the abundance and assemblages of meiofauna, the present study aims to explore whether any of these environmental variables drives the meiofauna assemblages and how these compare to depth differences, and whether the topography of the deep-sea floor affects meiofauna distribution.
MATERIALS AND METHODS

Field Sampling
From May to July 2017, sediment samples were collected from 23 sites on board of the R/V Haida in the Western Pacific Ocean (Figure 1) . The study area is located in the West Caroline Basin in the southwest, the Yap Trench in the northwest (where the Caroline Plate subducts below the Philippine Plate), and the West Caroline Uplift in the north. The Caroline plate subducted westward along the Yap trench to the Philippine Sea plate to form a trench (above 7000 m) and a relatively flat West Caroline Basin. The sediment types were mainly brown clay, calcareous, or siliceous ooze. Sites A4, C1 were located at the trench and Site B1 was located in the back-arc basin of the west side of the trench (Yap Island Arc) (Dong et al., 2017) . The other 20 sites were mainly distributed in the West Caroline Basin. Sediment samples were collected with a 0.25 m 2 Gray-O'Hara box corer. Three cores of sediment (a plexiglass tube with a 6 cm inner diameter and 10 cm length) were carefully taken for meiofauna from box corers at each sampling site. The 
Laboratory Analysis
Measurement of Environmental Factors
Chlorophyll-a and Pha contents were measured by spectrophotometry. Briefly, the frozen sediment samples (2 g) were weighed and put into a 15 mL centrifuge tube together with 10 mL of acetone (90%) and a small amount of magnesium carbonate, and the centrifuge tubes were carefully shaken and kept in a dark environment at 4 • C for 24 h. The tubes were placed in a centrifuge for centrifugation at 4000 rpm for 10 min, and the supernatant was adjusted to 11 mL. Samples were then transferred to a fluorescence spectrophotometer for measurement of Chl-a and Pha (Wang, 1986) . For the measurement of sediment grain size, the sediment sample was dried, and passed through a 2-mm sieve. The sediment remaining on the sieve was weighed and analyzed by a Mastersizer 3000 particle size analyzer (Malvern, United Kingdom), which could detect fractions between 2 and 2000 µm. The organic matter sample was freeze-dried to constant weight, ground, and sieved with 75 µm mesh. The sample was placed in a closed desiccator and fumigated with concentrated hydrochloric acid for 48 h to remove inorganic carbon, followed by drying at <60 • C for 12 h to remove residual inorganic carbon and water. The sample was wrapped in tin foil and the content of organic matter was determined by VarioEL III elemental analyzer (Elementar, Germany).
Analysis of Meiofauna
The sediment samples were transferred to the laboratory for meiofauna sorting. Samples were stained with 1 Rose Bengal for >24 h. The dyed samples were washed on screens with 0.5 and 0.031 mm mesh size (the boundary of meiofauna) with tap water to remove clay and silt. Meiofauna samples were obtained by centrifuging three times with Ludox-TM with a specific gravity of 1.15 g/mL. The meiofauna obtained were sorted, identified, and counted under a stereoscopic microscope. For identification to higher taxa, Higgins and Thiel (1988) and Giere (2009) were used as reference materials. The sorted meiofauna were put into different sample tubes according to different taxa. All meiofauna individuals were fixed with 5% buffered formalin solution. 
Data Processing and Statistical Analysis
Sampling site map, isobath map, and horizontal distribution maps of meiofauna and major taxa were drawn using Surfer 8.0 (Golden Software, United States). The vertical distribution of the abundance of meiofauna and major benthic taxa (Clarke and Gorley, 2006) for the analysis of environmental factors. Pearson correlation was used to determine the relationships between meiofauna and the environment. In addition, multivariate analysis including non-parametric multidimensional scaling (MDS), hierarchical clustering (CLUSTER), and BIOENV were performed to analyze the meiofaunal community structure and environmental factors affecting the meiofauna assemblages. BIOENV analysis with Spearman correlation coefficient was used to find a subset of environmental variables that maximizes the hierarchical relationship between the Euclidean distance dissimilarity matrix and the Bray-Curtis similarity matrix of biological samples. Maximum correlation means the best match between the measured environmental factors and the meiofauna assemblages, that is, the combination of environmental factors is the best explanation for the observed community structure (but does not mean that there is a direct causal relationship between them) (Zhou and Zhang, 2003) .
RESULTS
Environmental Factors
Environmental characteristics of the sampling sites were shown in Site I9 (0.077 mm), and the lowest value was at Site I7 (0.007 mm). The mean value of sediment Chl-a (Table 1) was 0.017 mg·kg −1 , and the highest value was 0.1 mg·kg −1 at Site G5. The mean value of Pha in sediments was 0.10 mg·kg −1 , and the highest value was 1.22 mg·kg −1 at Site I7. For sediments sampled at Sites G11, G7, I4, I7, I9, no Chl-a or Pha were not detected. The mean organic matter content was 0.19%. The highest value was at Site I3 (0.76%), and the lowest value was at Site D3 (0.02%). Principal component analysis was performed based on standardized data of environmental factors and results ( Table 2) showed that axis of PC1, PC2, PC3, PC4, and PC5 totally accounted for 90.1% of environmental variability. On PC1 axis, sediment factors, including sediment median diameter (0.512), organic matter content (0.439), and water depth (0.315), were important factors that differentiate the sampling sites. On the PC2 axis, the most important environmental factors were pH (0.535), Chl-a content (−0.511), and silt-clay percentage (−0.347). Figure 2 shows that on the PC1 axis, from left to right the following factors were increasing: sediment median diameter, water depth, and organic matter content. On the PC2 axis, organic matter content, silt-clay percentage, and Chl-a content decreased from top to bottom.
Meiofauna
Taxa Composition of Meiofauna
A total of 17 meiofauna higher taxa were identified in this study, including Nematoda, Copepoda, Nauplii, Ostracoda, Halacaroidea, Kinorhyncha, Cumacea, Tubellaria, Cladocera, Polychaeta, Oligochaeta, Isopoda, Tanaidacea, Amphipoda, Tardigrada, Gastrotricha, and Pycnogonida. The abundance and percentage of each taxa are shown in Table 3 . Nematode was the most dominant group, with an average abundance of (120.26 ± 102.85) ind·10 cm −2 (69.97%), followed by copepods, with (36.17 ± 48.72) ind·10 cm −2 (21.04%), nauplii with (12.15 ± 14.29) ind·10 cm −2 (7.07%), and the other taxa accounting for 1.92% of the total meiofauna.
Horizontal and Vertical Distribution of Meiofauna
The horizontal distribution of meiofauna indicated that the highest abundance of meiofauna was site E11, followed by Site C5. These two sites were located on the southern slope of the West Caroline uplift. Higher sediment organic matter content may be due to the localized topography, food sources, and hydrodynamics within this area. Contour maps of total meiofauna and dominant taxa (Figure 3) showed that the distribution patterns of meiofauna and nematodes were similar and the high values were mainly distributed in the northwestern part of the study area. The vertical distribution showed that the proportion of meiofauna distributed in 0-1, 1-2, 2-4, 4-6, 6-8, and 8-10 cm were 16.70, 15.20, 18.39, 20.35, 16 .47, and 12.89%, respectively. Generally, the meiofauna were mainly distributed in the upper and middle layers (0-6 cm), accounting for 70.65% in total, and the 6-10 cm layer was 29.35%. The proportion of nematodes distributed in 0-1, 1-2, 2-4, 4-6, 6-8, and 8-10 cm were 19. 14, 16.18, 18.64, 19.53, 14.32, and 12.19%, respectively. Nematodes were mainly distributed in the upper and middle layers (0-6 cm), accounting for 73.5%, and the 6-10 cm layer was 26.5% (Figure 4) . In this study, a box corer was used. Compared with the multi-corer, the box corer may cause damage to surface sediments during the sampling process, affecting the abundance of meiofauna and producing abundance error. This may explain the relatively low abundance in the 0-1 and even the 1-2 cm layer, compared to traditional vertical sediment meiofauna abundance patterns from other deep-sea studies.
CLUSTER Analyses
Hierarchical clustering analysis of meiofaunal taxon composition showed that the community of meiofauna can be divided into three groups (Figure 5 ) at a similarity of 73%: Group 1 included Sites G9, D7, G5, I3, D11, G3, C5, B1, E5, E3, D3, A4, and C1; Group 2 included Sites G7, I9, I4, G11, E7, and E9; and Group 3 included Sites G7, I9, I4, G11, I7, C9, I11, E7, and E9.
Relationship Between Meiofauna and Environmental Factors
Results of correlation analysis between the abundance of meiofauna and environmental factors by SPSS showed that the abundance of meiofauna was significantly negatively correlated with pH (0.451, P < 0.05) ( Table 4 ). Abundance of nematodes was significant and positively correlated with Chl-a (0.426, P < 0.05). Sediment median grain size was significant and negatively correlated with silt-clay percentage (−0.982, P < 0.01); organic matter content and silt-clay percentage were significant and negatively correlated (−0.421, P < 0.05); water depth was significant and positively correlated with organic matter content (0.468, P < 0.05). Copepod abundance had no significant correlation with the above environmental factors.
According to results of BIOENV (Table 5) , meiofaunal assemblages may have been influenced by a variety of environmental factors, among which the best combination of environmental factors included sediment median grain size and Pha, with a correlation coefficient of 0.287, followed by Pha and silt-clay percentage, with a correlation coefficient of 0.258. The single environmental factor with the largest impact was sediment median grain size with correlation coefficient of 0.161.
DISCUSSION
Environmental Factors and Distribution of Meiofauna
Generally, only 0.5-2% of the net primary productivity of the light-transmitting belt reaches the sea bottom <2000 m (Buesseler et al., 2007) . A number of studies have shown that food availability is an important factor affecting the abundance of meiofauna (e.g., Danovaro et al., 2002; Gambi and Danovaro, 2016; Leduc et al., 2016) . In this study, the water depth ranged from 3156 to 7837 m, which may lead to low inputs of food sources from the land. The movement of organic matter from the more productive surface to the seabed has been shown to have a significant control over benthic populations. The organic matter content of sediments usually decreases with increasing water depth (Billett et al., 1993) . Correlation analysis showed that water depth was significantly positively correlated with organic matter (0.468, P < 0.05), which may be due to the relatively high organic matter contents of Sites A4 (7837 m) and C1 (7436 m) compared with the adjacent sites. Wu et al. (2018) reported that the bottom of the Yap trench had an oxidized environment, and the source of microbial organic carbon was the main contributor to the total organic carbon in the Yap trench in the Western Pacific Ocean. The organic matter contents inside the trench were higher than those in the adjacent deepsea environment (Wu et al., 2018) . In addition, this phenomenon may be affected by the topography. Yap Trench (Site A4) may be more conducive to the accumulation of organic carbon, and causes more organic matter to accumulate on the bottom. Research on the characteristics of sediments in this area showed the calcite compensation depth (CCD line) in the Yap Trench to be 4568 m (Yue et al., 2018) . The sediments above the CCD line tended to have a large amount of calcium carbonate, especially the deposition of calcareous slime, while the sediments below the CCD line were silicate deposits (Zhang et al., 2006; Yue et al., 2018) . In most marine environments, the horizontal distribution patterns of meiofauna are patchy (Findlay, 1981; Ansari et al., 1982) , and most organisms dwell on or within the sediments (McIntyre, 1969; Alongi, 1986) . The richness, diversity, and structure of meiofauna in deep-sea areas are different in different regions. Meiofauna abundance and distribution are affected by factors such as food availability, substrate structure, physical and chemical properties, and physical disturbances (Rosli et al., 2017) . The distribution pattern of abundance of meiofauna along water depth gradient in this study was not obvious. Many studies have shown that water depth is an important limiting factor affecting deep-sea meiofauna. Between 500 and 2000 m of water depth, the abundance of meiofauna decreases with increasing water depth, but beyond 2000 m water depth, changes in the abundance of meiofauna with water depth are not obvious. Recently, Schmidt and Arbizu (2015) studied the relationship between meiofaunal abundance and water depth in the Kamchatka trench in Thousand Islands. They found that the total abundance of meiofauna generally did not decrease with increasing depth. Instead, it initially decreased as the depth increased, but increased after a certain depth (critical depth). In the present study, the abundance of meiofauna in water depth <4500 m had no significant patterns but it increased <4500 m (Figure 6) . The meiobenthos (including foraminiferans) of the Molloy Deep (Frain Strait, Arctic Ocean) was studied at four sites between 5416 and 5569 m water depth. The analysis (Soltwedel et al., 2003) . The CLUSTER analysis divided the sampling sites into three groups based on meiofauna assemblage structure. When comparing the three groups, oligochaetes were present at each site of Group 3. The water depth at each site in Group 2 was between 4044 and 4493 m, where the median grain size was larger while Chl-a and Pha were not detected, and the abundance of nematodes and meiofauna was lower than for other two groups. The contour map (Figure 3) shows that high values of meiofauna were mainly distributed in the subduction zone on the east side of the Yap Trench. Due to the topography, it is more conducive to the accumulation of sediment organic matter ( Table 1) . BIOENV analysis showed that the median particle size was the most important single variable affecting meiofauna abundance, and the best combination of environmental factors affecting meiofauna was the combination of median grain size and Pha. Trebukhova et al. (2013) have shown that water depth affected sediment grain size structure, and that as the depth increased, the median grain size also decreased significantly. This study could not confirm this trend since there was no significant correlation between water depth and median grain size. Therefore, this kind of relationship between water depth and sediment median grain size is not considered to be applicable to the present study.
Several studies have shown that sediment grain size is an important factor in determining the abundance and assemblages of meiofauna (Wieser, 1959; Boaden, 1962; Jansson, 1967; Gray, 1981) . Overall, with the increase of median grain size, the abundance of meiofauna and nematodes tended to decrease. This may be due to erosion by water flow (Kotwicki et al., 2005) . Biotic factors such as competition between organisms, predation, and lack of food sources also leads to lower abundance of meiofauna. We conclude that, water depth is not the only important factor affecting the abundance of meiofauna, which may be not consistent to some previous studies. However, the uneven distribution of food sources due to topography and other factors affect the distribution of meiofauna. Median grain size can affect the assemblages of meiofauna.
Comparison With Other Deep Seas
There were differences in the assemblages and distribution of meiofauna in different deep seas ( Table 6 ). In the Japanese seas, <300 m water depth, polychaetes were the main taxa, while nematodes only account for 12-36.9%. This phenomenon was unique compared with other deep-seas (Trebukhova et al., 2013) . Shirayama and Kojima (1994) studied the Japan Trench in the Pacific Northwest (5000-7000 m) and showed higher abundance of meiofauna and nematodes. In addition, the abundance of meiofauna in the Atacama Trench was 14-144 times higher than in other hadal zones (Angel, 1982; Shirayama, 1984; Tietjen et al., 1989; Shirayama and Kojima, 1994; Danovaro et al., 2002) . Atacama Trench area was characterized by upwelling, which leads to higher productivity and the winds and currents also played an important role in transporting materials from the mainland (Jamieson, 2015) . The Barbados Trench is rich in methane released from Atalante and Cyclope volcanoes which were located >1000 m in the Barbados Trench. At the same time, chemosynthesis was present in the volcanoes, indicating the release of methane and the production of sulfides in the sediments, which lead to higher abundance of meiofauna (Olu et al., 1997) . Due to the differences in geographical, biological, and abiotic factors, the abundance of meiofauna was very different, and each area needed to be studied separately (Taylor et al., 2017) .
The biomass of meiofauna was not measured in this study, but according to our observation during the microscopic sorting process, the volumes of nematodes were notably smaller than those of other waters, such as shallow seas, which increased the difficulty of sorting. Previous deep-sea studies reported the miniaturization of nematodes in sediments, while observing a decrease in abundance of nematodes. This phenomenon led to the hypothesis of nematode miniaturization, which is the result of adaptation to an overall decline in the availability of food (Shirayama, 1984; Vincx et al., 1994; Schewe and Soltwedel, 1998) . This seems to be a clear result of an overall decrease in the food supply as depth increases. However, the Chl-a content reached 2.0 mg/kg in the sediments at a depth of 7800 m in the Atacama trench. In this nutrient-rich system, the individual volume of nematode and other meiofauna taxa was reduced by 30-40% in the deep-sea, which is contrary to the hypothesis of nematode miniaturization (Danovaro et al., 2002) . Due to progress in science and technology, the difficulty of deep-sea sampling has been reduced. To further understand deep-sea ecosystems, existing information can be supplemented with data from different spatial scales and regions. However, the overall study of the deep-sea meiofauna and ecosystems should be carried out in connection with specific environmental conditions.
CONCLUSION
Meiofauna were mainly distributed in the subduction zone of the northwest side (near the Yap Trench) and on the slopes of the West Caroline uplift, where organic matter was accumulated. Vertical distribution showed that meiofauna were mainly distributed in the upper and middle sediment layers (0-6 cm). The distribution pattern of meiofauna in this study was not only affected by water depth, but may be related to the topography and organic matter distribution. The funnel-shaped topography of the trench and the slope of the West Caroline Sea Mountain accumulated high amounts of organic matter, providing abundant food sources for meiofauna. Therefore, water depth was not the only important factor affecting meiofauna in this study.
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